Model reduction for dynamic systems in the physical domain has recently raised an increasing interest. TO this day, the identification of the components/subsystems relevant to a given dynamic behavior remains a problem. This paper shows that, the dynamic elements' energy exchange pattern can be used as a measure of their relevance. Accordingly, a model reduction procedure is presented which allows one to identify the elements that make major contribution to various behaviors of a system. The approach is applicable to linear and nonlinear systems. A few examples are presented to illustrate the concepts.
Introduction
This paper presents a procedure for identifying the components/subsystems that are relevant to a system's dynamic behavior. This theme is in the area of model reduction problem in physical domain, which has recently raised an increasing interest from industry and academia.
Currently, two major categories of model reduction approaches exist, namely mathematical and physical approaches. The mathematical approaches include polynomial approximations (e.g. Pade approximation), state truncations (e.g. state space balanced representation), etc ... The mathematical approaches aim at generating a lower order model whose input-output relations approximate those of the original model. These approaches are based on mathematical representation of systems, such as transfer functions. A good survey on mathematical approaches can be found in reference [l]. In general, the model reduction procedures in the mathematical domain are not very helpful in obtaining physical interpretation of the systems' dynamic behavior. This is mainly due to the complicated relation between the parameters of the physical model and the parameters ~ ~~~ 'The authors acknowledge the support provided by the National Science Foudation and the MIT Home Automation Consortium. of the mathematical model. On the other hand, the physical model reduction approaches attempt to generate a simplified model which includes the physical components/subsystems that make major contributions to system dynamic behavior of interest. These approaches are based on physical representations of dynamic systems such as the bond graph method [7] . The physical understanding of system dynamic behavior serves as the basis of the reduction procedures.
Although some work has been done in the model reduction in physical domain [2, 3, 4, 5 , 61, the identification of the components/subsystems relevant to a given dynamic behavior remains a problem. The methods in references [4, 5 , 61 are based on singular/regular perturbation approaches. However, these procedures work well in cases where singular/regular perturbation is applicable. The singular perturbation method is applicable only to the systems with far-apart eigenvalue groups, and the regular perturbation works only for systems whose subsystems are weakly coupled. Thus the approaches can be applied to a class of systems. References [2, 31 presented some model reduction procedures based on power, namely 'If an element has high power associated with it, ..., [it] is greatly contributing to the system behavior [3]' l. However, as shown later in this paper, erroneous results may be obtained if one constructs the reduced model by keeping the components/subsystems associated with high power magnitude and eliminate those associated with low power magnitude. On the other hand, frequency-based metrics has been proposed as model reduction tools [8] .
This paper is to present a procedure that identifies relevant components / subsystems. In Section 2, two examples are given to show some of the issue raised above. In Section 3, it is shown that energy exchange dictates the dynamic behavior of a system, and a corresponding 
Model reduction based on magnitude of power
This section shows that the use of the magnitude of power to determine the relevance of an element to certain dynamic behavior may lead to an erroneous result. Two examples are presented to illustrate that the elements associated with small (large) magnitude of power can make large (small) contribution to the system dynamic behavior. Two different metrics have been used to define the magnitude of power over a period of time.
One is the RMS metric, defined as P i = 4 -where Pi(t) is the power associated with element i. The other is the activity and the activity index defined as Ai = Jz IPi(t)l dt and A& = respectively, where n is the total number of the bonds in the bond graph model.
The example in Figure 1 shows that an element associated with low power level can make significant contribution to the system dynamic behavior. Suppose the output of the system is the flow associated with the 1 junction. The simulated power responses of the components are shown in Figure 2 is significantly smaller than the others. Thus according to the RMS metric, bond 4 and therefore element R can be eliminated without significantly distorting the system behavior. Also, one can calculate the activity index as AI1 = 0.0781, AI2 = 0.4399, AI3 = 0.4461 and AI4 = 0.0359. The activity of bond 4 is obviously the smallest and significantly smaller than all the others. The same conclusion can be reached with the activity index. Now Figure 3 plots the flow of the original model and that of the reduced model. In this figure at t M 40sec, the difference between the two flows is 58.18%, which is significant. Therefore, the R element is relevant to the flow associated with the 1 junction. The physical meaning of this result is now interpreted. In the time interval [20sec, 40sec], the R element dissipates about half of the power supplied by the source. Also note that the dissipated power is on average less than one tenth of the power being exchanged between the I and C element. By eliminating the R element, the rate of increase of the energy in the system will be changed significantly.
The example in Figure 4 shows the case of the elements with high power level make insignificant contribution to the system dynamic behavior. The input is fs = 0. Suppose the output is the flow associated with ml and the spring displacements have the initial values of z k l ( 0 ) = 1 and x k 2 ( 0 ) = 0.015. The sim- The activity index also indicates that bond 6 and bond 7, and correspondingly k2 and m2, are important. Now consider a reduced system by eliminating bond 6 and 7 along with k2 and m2. Bond 5 is therefore also eliminated since the 0 junction it connects becomes an isolated junction without bond 6 and 7. Figure 6 shows the output of the original system and that of the reduced system. The two curves are indistinguishable because the maximum error is less than 2% the magnitude of the output of the original system. In this example, one can see that the dynamics of the subsystem consists of kz and m2 is much faster than that of the rest of the system. Although the magnitude of the power associated with bond 5 is large, its direction switches in such a short time, that the subsystem composed of bond 1 through 4 hardly feels the existence of bond 5. Therefore, the kp and m2 elements are not relevant.
Model reduction based on energy
The dynamic behavior of an individual independent energy storage element is dictated by the energy exchange with the neighboring bonds. 'Neighboring' refers t o those bonds/elements that share a same junction. In Figure 7 , bonds 2 through n are the neighboring bonds of the energy storage element, while bonds jl through j m are not. 
( t ) is E(t) = Q ( s ( t ) ) .
The change of energy from time to t o t can be therefore written as
AE(t) = Q ( s ( t ) ) -Q ( s ( t 0 ) ) @ ( s ( t ) , s o ) .
can be taken as a function of s ( t ) with SO a parameter. For the sake of simplicity, SO is omitted in the notation. If is piece-wise invertible with respect to s ( t ) , one can write:
-'(AE(t)) E r ( A E ( t ) ) (1)
In order t o determine which neighboring bonds are not relevant t o an independent energy storage element at time t,, one can consider the energy associated with 2By using the change of the energy associated with the energy storage elements, we have focused on the variation of the values of state variables starting from 7'1. In addition, it is straightforward to identify the components/subsystem which make major contri- 
slr(ts) = r ( E l ( t s ) ) -r / ( E l ( t s ) ) E i ( t s ) (4)
where P(z) = g, 
Ej(t.9) = E E j k ( t . 9 ) ( 5 )
k=l Substituting Eqns (5) and (3) into Eqn. (2), leads to a similar result of the last paragraph. More than one bond may be eliminated, and therefore in order to guarantee the precision of the reduced model, one has t o make sure that the overall effect of the eliminated bonds is not significant for the state of the energy storage element.
A proposition is now given, 
Eliminating one bond may lead t o the separation of subsystems containing other bonds. In Figure 7 , if bond j is eliminated due t o low energy level, consequently the subsystem with bond jl through j m is disconnected. To obtain a simpler reduced system using proposition 1, the bonds that are eliminated due t o the elimination of other bonds shall not be included in the calculation.
The relevance of a bond during a time period [TI, T 2 ] may also be of interest. When using L , norm, a bond is considered irrelevant during [TI, 2'21 if for this period, 
1-maz(C:=l IEle(t)l) << maz(lE€(t)l)

I m 4 r ' ( E € ( t > )
The bonds that are eliminated due to the elimination of other bonds are not included in bl through b, .
Other norms can be used when appropriate.
A model reduction procedure in the physical domain can be developed based on the previous discussion. No linear assumption has been made on the constitutive relation of the elements, therefore the procedure can be applied to nonlinear cases. The steps are as the following: 3. The final reduced system is the union of the reduced systems obtained in step 2.
Examples
Use of the model reduction procedure
The procedure is now illustrated with an example. The physical system and its corresponding bond graph model are shown in Figure 8 . The system is subjected t o a unit step input. The output is the effort across the C element, correspondingly 44 = r(E4) = a.
The response of the effort is plotted in Figure 9 with
0.0061, maz(lI'(E4(t))l) = 1.4231. Therefore bond 5 satisfies item 2 of proposition 2, and consequently it can be eliminated, along with elements k2 and m2.
Figure 9:
Step Response of Vo solid line. Suppose one is interested in identifying the components relevant t o the system dynamic behavior in the interval t E [O,t, = 2.2sec1, where t , is the rise time. Simulation of the system renders the following data, maz(lE4(t)l) = 4.33, maz(lE5(t)l) = mas(lEl(t)l) = 18.75, maz(lEG(t)l) = 0.38. One can see that the energy level associated with bond 6 is significantly weaker than that of bond 4. Further calculation shows that maz(lI'(E4(t))l) = 4.16, maz(lI"(E4(t))E6(t)l) = 0.13. Therefore, according to the procedure bond 6 and consequently R I can be eliminated. The step response of the reduced model is shown in Figure 9 with dash line. It is close to the response of the original system within the specified time interval. One can also verify with the procedure that during the time interval o f t E [2.3sec75.8sec], which corresponds to overshoot, R I has more significant contribution t o the output than it does in t E [0,2.2sec]. This result is consistent with the simulation results of the original model and the reduced model without R I .
6.02, mas(lE3(t)l) = 6.02, m~~( l E 2 ( t ) l ) = 3.23,
Counter examples of Section 2
In this section, the proposed procedure is used for the two examples of section 2. For the example of Figure 1, the energy storage element of interest is the mass associated with bond 2 since f = p , / m . Simulation results indicate that mas( IEZ(t)l) = 77.2486 and maz(lE4(t)l) = 67.8924. Since maz(lE4(t))) is as the same order of magnitude of mas(iE2(t)l), bond 4 can not be neglected. For the example of Figure 4 , the energy storage element of interest is ml associated with bond 4. Since ml is engaged in a periodic behavior, one can make the decision based on the data for one period. Simulation results show that in one period, maz(lE3(t)l) = 0.5000,maz((E4(t)() = 0.5063 and mus(IEs(t)l) = 0.0087. Therefore bond 5 satisfies item 1 of proposition 2. Furthermore, for ml one can write p = r ( E ) = and r ' ( E ) = -&. Now using the simulation data one obtains: maz(lI"(E4(t))Es(t)l) =
Summary
In this paper, energy exchange is identified as a physical quantity that dictates the dynamic behavior of systems.
As a result, a general purpose model reduction procedure in the physical domain is developed. A few examples were presented to illustrate the procedure. Further work includes understanding the relation between component parameters and the energy distribution pattern, which may lead to synthesis features.
